Mitochondria, which are a major source of intracellular reactive oxygen species (ROS), are extremely vulnerable to oxidative stress. We recently reported that selenite treatment of various glioma cells induced a non-apoptotic cell death accompanied by excessive mitophagy (selective autophagy of damaged mitochondria). Examination of various ROS revealed that the superoxide anion played a key role in selenite-induced mitochondrial damage, mitophagy and cell death. Treatment with superoxide generators (diquat and paraquat) was sufficient to trigger mitophagy in glioma cells. Small interfering RNA-mediated knockdown of ATG6 or ATG7 attenuated selenite-induced mitophagy and cell death, demonstrating that the mitophagic pathway contributes to selenite-induced cell death. The effect of selenite in glioma cells may thus provide an example of superoxide-mediated mitophagic cell death, i.e., cell death caused by excessive mitophagy.
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Anti-Cancer Effect of Selenite in Glioma Cells
Malignant glioma cells are resistant to various proapoptotic therapies, such as conventional chemotherapy and radiotherapy, 1 but seem less able to resist autophagic cell death. 2 We recently showed that selenite, a commonly used dietary form of selenium, 3 was preferentially cytotoxic to human glioma cells over astrocytes via mitochondria-specific autophagic cell death. 4 Furthermore, seleniteinduced cell death in glioma cells was not blocked by overexpression of the antiapoptotic proteins, Akt, XIAP, survivin, Bcl-2 or Bcl-xL. Therefore, selenite-induced autophagic cell death appears to at least partially bypass the dramatic resistance of malignant glioma cells to various proapoptotic therapies, and thus may prove useful for treating malignant glioma.
Superoxide is Critical for Selenite-Induced Mitophagy
Autophagy is a highly conserved process in which the cytoplasm, including excess or aberrant organelles, is sequestered into doublemembrane vesicles and delivered to the lysosome for breakdown. 5 Although autophagy was originally considered to represent a nonspecific 'bulk' degradation pathway, recent data suggest that there are selective autophagy pathways capable of specifically targeting organelles, such as mitochondria. 6 The selective degradation of damaged mitochondria through autophagy, termed mitophagy, has been reported to occur in yeast in response to starvation or rapamycin, and in mammalian cells following serum deprivation, photodamage, or TNFα treatment. [6] [7] [8] [9] We recently showed that selenite treatment of glioma cells induced mitophagy followed by non-apoptotic cell death. 4 In response to selenite, mitochondria were rapidly fragmented and cristae were severely disrupted, and the disorganized mitochondria were subsequently entrapped and degraded within autophagosomes or autophagolysosomes. In contrast, there was no apparent degradation or autophagy of other organelles, such as the endoplasmic reticulum or peroxisomes. During the early phase of selenite treatment (prior to significant vacuolation), high levels of superoxide were generated. Interestingly, the selenite-induced dissipation of mitochondrial membrane potential (MMP), the development of acidic vesicular organelles, and subsequent cell death was significantly blocked by overexpression of Cu/Zn superoxide dismutase (SOD) or MnSOD, but not by overexpression of catalase. Taken together, these results show that superoxide generation plays a major role in selenite-induced mitochondrial damage, mitophagy and cell death.
Several lines of recent evidence suggest that ROS are a major positive regulator of autophagy in response to rapamycin, 7 TNFα, 9 NGF deprivation, 10 or nutrient starvation. 11 In these studies, H 2 O 2 was necessary and sufficient to induce autophagy. [9] [10] [11] Interestingly, glioma cells failed to show autophagic cell death following treatment with H 2 O 2 , S-nitroso-N-acetyl-l,l-penicillamine (SNAP, a nitric oxide donor) or 3-morpholinosydonimine-N-ethylcarbamide (SIN-1, a peroxynitrite donor), 4 but showed autophagic changes in response to treatment with superoxide generators (diquat or paraquat) and selenite (Fig. 1) . These results suggest that among the various ROS, superoxide is the most potent inducer of mitophagy in glioma cells. The existence of mitophagy implies the presence of mitochondrial signals capable of triggering the process and "tagging" altered mitochondria for autophagic machinery. However, it is not yet known how mitochondria are specifically selected for autophagy following selenite exposure. Lemasters et al. proposed that the mitochondrial permeability transition (MPT), which results from the opening of high conductance permeability transition pores in the mitochondrial inner membrane, represents a signal for mitophagy. 8 Alternatively, selenite-induced fragmentation of mitochondria into smaller, rounded shapes may allow damaged mitochondria to be easily enwrapped by autophagosomal structures, or oxidative damage to mitochondrial surface proteins or lipids could provide an "eat mitochondria" signal to the highly active autophagic vacuoles.
Selenite Induces Mitophagic Cell Death in Glioma Cells
Autophagy may constitute a cellular defense against acute stress, such as that resulting form depletion of nutrients or obligate growth factors, 12 or it may contribute to cell death. 13 In cases where mitophagy is initiated in an attempt to remove oxidatively damaged mitochondria (such as following selenite treatment), excessive mitophagy may contribute to metabolic and bioenergetic collapse, and eventual cell death. Some factors that could mediate the prosurvival versus pro-cell death roles of mitophagy might include low or high levels of ROS, transient or sustained accumulation of ROS, changes in the type of ROS (for example, H 2 O 2 versus superoxide), the presence or absence of intracellular antioxidant defense systems, and cellular dependency on mitochondrial metabolism for survival.
The precise definition of autophagic cell death is somewhat unclear, as the term has been used to cover both cell death truly mediated through autophagy (i.e., cases in which inhibition of autophagy abolishes cell death) and the cell death accompanied by massive autophagy (i.e., cases in which inhibition of autophagy affects the process but not the cell fate). 14 We found that small interfering RNA-mediated knockdown of either ATG6 or ATG7 attenuated selenite-induced mitophagy and subsequent cell death, 4 as did pretreatment with chloroquine, 15 which inhibits autophagy by raising lysosomal pH (unpublished results), suggesting that the intracellular degradation of mitochondria in selenite-treated glioma cells contributes to a death-committing process, rather than cell survival. Therefore, the effect of selenite in glioma cells may provide an example of mitophagic cell death, i.e., autophagic cell death due to excessive mitophagy.
To gain fundamental insight into mitophagy, it will be necessary to investigate the "eat mitochondria" signal and identify key factors responsible for determining whether mitophagy leads to cell survival or death. 
